Transmission electron microscopy (TEM) studies of GaN structures have
shown that, for the most part, threading dislocations have undissociated cores, although there is some evidence that a+c dislocations are dissociated on a fine scale [1] . In contrast, we have shown that screw dislocations, i.e. dislocations with <0001>
Burgers vector, in undoped GaN films grown by metal-organic chemical vapour deposition (MOCVD), can have hollow cores with diameters of 20-50nm [2] . These are often termed "nanopipes". Since these early observations, the picture has become more complex. In Si-doped GaN films grown by MOCVD, it has been observed that screw dislocations can be open or closed core, and that, for open core dislocations, the core diameter can vary greatly [3] . In heavily Mg-doped AlGaN films grown by [5] .
The observation of hollow core dislocations is, of course, unusual in that the vast majority of TEM observations have shown that dislocation core relaxation occurs by dissociation into partials. However, it is interesting to note that, in a paper predating TEM studies of dislocations, Frank [6] proposed that dislocations with large Burgers vectors b might reduce their energy by forming hollow cores. This releases the strain energy associated with the highly distorted material close to the core at the expense of energy associated with the newly created surfaces. Frank's isotropic continuum model gave the equilibrium radius as
where µ, b, and γ are the shear modulus, Burgers vector and surface energy respectively. There is evidence that Frank's theory may explain the presence of micropipes observed in several other hexagonal materials [7] . Micropipes in (0001)SiC films have been most studied owing to their importance in electronic devices (e.g high power switches). They are associated with growth spirals, and have been confirmed as hollow core dislocations with large Burgers vectors (sometimes greater than 10nm) by atomic force microscopy (AFM) and by synchrotron radiation studies. While these studies only detect a screw component of Burgers vector, a detailed analysis of a range of data suggests that there is good quantitative agreement 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w  O  n  l  y with the Frank theory assuming that the Burgers vectors are of mixed type [8] .
However, this has yet to be conclusively demonstrated experimentally.
In contrast, the Frank theory cannot satisfactorily account for hollow core dislocations in GaN. Firstly, screw dislocations in GaN have a Burgers vector of 0.52nm, which implies an equilibrium radius of near atomic dimensions using equation 1 and reasonable values of the surface energy [2] . However, Northrup [9] has suggested that the surface energy could be lowered, and the equilibrium radius increased, by the presence of impurities on the {10-10} nanopipe surfaces during In this bright field image, the g = 0004 contour is seen to deviate and split on crossing a nanopipe. This splitting has been analysed in LACBED studies of dislocations [12] , but applies equally well in images where the specimen is bent, as in Figure In all cases, the background was removed by using a power law fit to the pre-edge curve, and the remaining counts integrated over an extended energy window extending at least 20eV from the onset of the edge. In order to compare the curves, the Ga and N signals have been scaled to be in the ratio 1:1 far from the nanopipes, and the O signal has then been scaled to the N signal by using the relative K-shell cross-sections [13] . The curves, therefore, show relative atomic ratios for Ga, N and O. 
Interpretation of results
The results in Figure 1 demonstrate that the structure of individual nanopipes can vary considerably. The interpretation of the results in Figures 3 and 4 is, therefore, complicated by the fact that we cannot assume the nanopipe surfaces are perfectly edge-on. This is in keeping with the observation that there are changes in contrast over a transition region up to 1-2nm across, where the structure appears unchanged from the bulk. This is seen most clearly in Figure 3 , and implies the presence of facets which are inclined to the beam direction. There is also some evidence for additional disordered material in the centre of nanopipes. This is most clearly visible in the bright field images of Figure 4 (c,f). We believe this is due to carbon-based contamination, which is consistent with the presence of a carbon K-edge observed in the EELS spectra. The amount of disordered material and the carbon K-signal increased with increasing irradiation time, as expected from contamination.
The images therefore imply that the appearance of oxygen in the EELS linescans in Figure 4 is not accompanied by a change in crystalline structure. The linescans in Figure 4 suggest that the nanopipe in Figure 4 The presence of oxygen on the nanopipe surfaces may, of course, indicate surface oxidation. However, GaN is fairly inert, and the thermal oxide thickness has been measured to be much less than 1 monolayer [14] . Oxygen could also be introduced by pipe diffusion from the sapphire substrate (Al 2 O 3 ), or from the plasma cleaning gases (25% O 2 ). The former is unlikely, given that the results were independent of the GaN deposit thickness (up to 55µm). Samples examined in the STEM prior to plasma cleaning also showed a substantial oxygen peak, although contamination ruled out quantitative analysis in this case. Thus, the results imply that significant oxygen has been introduced during growth. This is consistent with secondary ion mass spectrometry (SIMS) data, which implies that HVPE films, from the same source as ours, typically contain an oxygen concentration of greater than 10 17 cm -3 [15] . The source of this oxygen is believed to be the feed gases.
The driving force for oxygen segregation to nanopipes needs discussion. [4] . In our case, EELS studies showed no clear evidence for segregation of oxygen to edge and mixed dislocations, and moreover these dislocations were of closed core type.
It is conceivable that the presence of oxygen on the {10-10} surfaces of nanopipes lowers the surface energy sufficiently to allow open core dislocations to form by the Frank mechanism. This, however, appears unlikely to be critical factor, given the evidence that nanopipes can also form without dislocations (Figure 1(c) ).
Alternatively, we believe that nanopipes may grow from surface pits generated during film growth, as envisaged schematically in Figure 5 . As confirmed by atomic force microscopy (AFM) studies, surface pits on freshly grown GaN surfaces are preferentially associated with threading dislocations. These are largest for screw or mixed dislocations but small pits (around 0.5nm) are also believed to be associated with dislocations of edge type [18] . We believe therefore that oxygen segregation may stabilise these pits, which subsequently develop into nanopipes. One possibility is that 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 F o r P e e r R e v i e w O n l y appears plausible, as suggested by Cherns et al [2] , that the presence of atomic steps, of height a, which must be present on {10-10} surfaces for edge and mixed dislocations (i.e. defined by the Burgers circuit), but not on the corresponding surfaces for screw dislocations or dislocation-free nanopipes, may act as nucleation sites for continued GaN growth. In this case, these nanopipes would have a mechanism to grow out.
The presence of oxygen at the cores of dislocations in GaN is very significant in understanding their electronic properties. If our segregation argument is correct, some oxygen should be present at all types of dislocation. This remains to be confirmed for edge and mixed dislocations (n.b. impurity segregation has been considered as a factor in the dissociation of mixed dislocations reported recently [1] ).
In the case of the open core screw dislocations, our results show no evidence that the structure of the GaN changes at the nanopipe surfaces. There is also no evidence, from our work or that of others, of structural changes at the cores of edge and mixed 
Conclusions
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